Abstract-This paper solves the load frequency control problem and proposes a new event-triggered sliding-mode control (SMC) algorithm in multi-area interconnected power systems. First, we consider a three-area interconnected power system, and construct its corresponding mathematical model. The prescribed H ∞ , or energy-to-energy, performance is utilized to test the effectiveness of the corresponding disturbance attenuation. Then, an appropriate discrete-time integral switching surface is designed for each subsystem, and the discontinuous controller is designed to guarantee the resulting subsystem asymptotically stable and robust. Using time-delay system analysis technique, the event-triggered scheme, sliding mode dynamics, and the network-induced delays are converted into a network dynamic system with time-varying delays. Thus, corresponding sufficient conditions are derived and an event-triggered SMC law for reaching motion is designed to ensure the reachability of the sliding mode surface in a finite time. Finally, examples and simulations are provided to illustrate the feasibility and the effectiveness of the developed event-triggered SMC scheme.
are transmitted by the event-triggered strategy, i.e., information transmissions are available only when the defined triggering criteria is satisfied. Thus, real-time sampling information and realtime data transmission are not essential conditions for the eventtriggered control systems, and an event-triggered strategy can minimize the unnecessary use of computation and communication resources. Based on this superiority, numerous efforts have been put to the event-triggered control systems, and there are some representative results reported here. The problem of H ∞ event-triggered control was addressed in [21] , [28] , an optimal event-driven controller was designed in [43] , the event-triggered filtering problem was solved for nonlinear networked discretetime systems in [29] , event-triggered state estimation was discussed for complex networks with mixed time delays in [42] , and H ∞ stabilization using event-triggered techniques was proposed for networked stochastic systems in [11] . Moreover, eventtriggered techniques have been extended to handle with practical application systems, including nuclear steam generators [7] , multiagent systems [13] , power systems [34] , networked systems with communication delays compensation [41] , etc.
Multi-area power systems are growing rapidly due to deregulation, where several distant regions can share a scheduled amount of power via tie lines. Generally, a power system is considered to be a highly nonlinear and large-scale multi-input multi-output dynamical system with numerous variables, protection devices, and control loops [12] , [30] . Power system controls are applied to keep the power system in a secure state, and frequency control is an important control problem in power system design and operation [4] . Moreover, in view of the power supply-and-demand issues in multi-area power systems, load frequency control (LFC) is extensively applied to balance the tie line power and frequency despite of the load fluctuations. In the past decades, considerable efforts have been made to solve the LFC for multi-area power systems, and many different control strategies have been proposed to achieve the desired dynamic performance, such as PI and PID controllers [6] , [24] , with diverse function, simple structure, and fixed control gain, have been widely applied. However, these conventional approaches do not work efficiently for all operating conditions, since multiarea power systems contain a large number of nonlinearities and uncertainties, and the conventional controller parameters are always estimated from the model structure and parameters. In addition, few new LFC based control techniques have been proven to be much more effective and robust, e.g., optimal control [23] , robust decentralized control [1] , adaptive control [20] , and sliding mode [18] control methods.
Sliding-mode control (SMC) is a powerful strategy providing stable closed-loop systems with prespecified performance despite disturbances or uncertainties, and has been widely applied in the engineering practice. The basic SMC procedure is to design prescribed switching surfaces and to synthesize a controller to force the closed-loop state trajectories to move toward the sliding mode surface within a finite time. Many significant results have been obtained for SMC strategies in different systems, for example, singular systems [5] , stochastic systems [8] , [10] , [35] , [36] , Markovian jump systems [27] , and fuzzy logic [31] systems. Moreover, an adaptive second order sliding mode observer was first proposed for a class of hybrid systems and successfully applied to power converters [15] , and the problem of fault reconstruction was addressed for a class of nonlinear systems and successfully applied to a fuel cell air feed system [16] , [17] . Moreover, SMC methods for the LFC problem of power systems have been investigated recently, e.g., a decentralized LFC based on PI and slide mode control was proposed for multi-area power systems with uncertainties [18] , a fuzzy sliding mode controller for LFC was created based on particle swarm optimization algorithm [9] , and a LFC for a neuralnetwork-based integral sliding mode controller was designed for nonlinear power systems with wind turbines [22] . Note that even the continuous-time SMC strategies have been ultimately discretized and transferred to computer control, discrete time sliding mode control (DSMC) is provided here with that the transmission of signals is implemented only during the specific sampling period, as well as the update information of the control inputs [19] , [37] . For DSMC, the main difference is that system trajectories are kept within a bounded region around an equilibrium point. Due to its fast response, easy implementation, and robustness, DSMC strategy can be regarded as an effective solution for NCSs and LFC problems, and can guarantee stable performance with the existence of uncertainties, see [2] , [3] , [14] , [25] , and [32] and references therein. In fact, multi-area power system is one kind of NCSs. However, to the best knowledge of the authors, there are few studies on the event-triggered SMC schemes to solve the LFC problem (the ETSMLFC problem) in multi-area power systems. Investigation of this field is challenging due to the condition that load variation and adjacent disturbance in multi-area power systems change arbitrarily, while the event-triggered condition needs to be fully considered when designing SMC and corresponding sliding mode surface. Thus, many problems remain unsolved for the event-triggered SMC in the multi-area power systems, which motivates us to undertake this work.
This paper proposes an event-triggered SMC scheme for the LFC problem in multi-area power systems. Specifically, based on the idea of DSMC approach, the solution for the LFC problem is presented by combining time interval analysis techniques with the event-triggered method. The corresponding sufficient conditions of event-triggered SMC are developed to guarantee each subsystem to be asymptotically stable with a prescribed H ∞ performance. The main contributions of our work are summarized as follows.
1) Based on time interval analysis techniques, the dynamic model of multi-area power system, event-triggered scheme, and DSMC technique are unified into a networked dynamic system with time-varying delay. 2) Using the event-triggered strategy, a new DSMC method is designed to ensure the networked dynamic system has a prescribed energy-to-energy performance. 3) An event-triggered DSMC algorithm is proposed for the LFC system by solving the sequential minimization problem with a standard MATLAB toolbox.
II. PROBLEM FORMULATION AND PRELIMINARIES

A. Modeling of Multi-Area Power System
The multi-area interconnected power system is shown in Fig. 1 , which describes a three-area power system. In our work, assume that each power area has only one machine, and each area/machine denotes the electric power system with the LFC scheme. As is shown in Fig. 2 , the dynamic model of the multiarea power system is given as follows:
where 
The dimensions of system matrices in (1) are A i ∈ R n ×n , B i ∈ R n ×m , F i ∈ R n ×k , and C i ∈ R q ×n . Signals and parameters of the ith area subsystem are shown in Table I .
According to the LFC scheme, both the frequency of the control area and the interchange power through the tie-line should be kept in the nominal values. Consequently, the measure of area control error (ACE) is proposed. In Fig. 2 , the measure in the ith control area is defined by
where β i is computed as
. Given the sampling period T , the discrete-time approximation model of system (1) can be obtained based on the Euler firstorder approximation:
where
Here, we construct the following discrete-time integral slidingmode surface function
Therefore, based on (3) and (4), the equivalent SMC law is designed as
Choose L i = H T i P i , where P i ∈ R n ×n and K(i) ∈ R m ×n are matrices to be determined later. Moreover, the positive matrix P i guarantees the nonsingularity of L i H i .
B. Event-Triggered Communication Scheme
Denote the transmission delay over the networked system as τ l , where τ l ∈ [0,τ ), andτ is a positive real number. In our work, we will utilize the time-delay analysis method in [40] to design the event-triggered SMC scheme for the concerned LFC systems. With zero-order hold, the dynamic model under the event-triggered scheme is transferred as
where k l represents the sampling instant. Whether the update packets of sampled data x i (k l ) are transmitted to the corresponding event-triggered controller is determined by the following judgment scheme:
where Φ i is positive-definite weighting matrix to be designed, and ε i ∈ [0, 1). In other words, the sampled data x i (k) satisfying condition in (7) will be transmitted. Combining with L i = H T i P i , the equivalent SMC law can be rewritten as
Remark 1: The data packet transmission in event-triggered SMC is implemented by event generator. The release times sat-
means that all the sampled signals are sent out. Assume that the initial state output of x i (0) is transmitted successfully, the next release time instant k l+1 of the event-trigger is computed as
Remark 2: Note that k l denotes the current sampling time and k l+1 represents the next sampling time. Thus, for eventtriggered scheme in (7) and any
that is, only a part of sampling packets are transmitted to the resulted controller. It shows that event-triggered scheme can further reduce the number of transmission information and minimize the unnecessary use of computation and communication resources effectively. Substituting the equivalent SMC law in (8) to (6) , the sliding mode dynamics is obtained as
. Now, we consider the following two event-triggered cases:
Obviously,
2) If k l + 1 +τ < k l+1 + τ l+1 , consider the following intervals:
where j ∈ N , j 1. Since τ l τ , it can be obtained that d exists such that
Thus, x i (k l ) and
Therefore, we obtain
Case1:
Considering the notation of d(k) and e i (k), the event triggered scheme can be rewritten as
Remark 3: Note that τ M 1 +τ , the allowable maximum transmission delay isτ = τ M − 1. If τ l ≡ 0, it means that there is no transmission delay or the effect of the transmission delay cannot be taken into account, thus τ M indicates the maximum sampling time.
Utilizing d(k) and e i (k), the sliding-mode dynamics in (10) can be rewritten as
where φ i (k) is the initial condition.
Lemma 1: [33] For any vectors X, Y ∈ R n > 0, positive definite matrix P ∈ R n ×n and any scalar ρ, the following inequality holds:
III. MAIN RESULTS
In this section, we solve the LFC problem in multi-area power system under the event-triggered SMC scheme, in which the corresponding networked sliding mode dynamics are given in (19) . First, sufficient conditions of performance analysis are proposed to guarantee the networked sliding mode dynamics to be asymptotically stable with a prescribed energy-to-energy performance. Then, the discrete-time sliding mode controller is designed for each subsystem.
A. Energy-to-Energy Performance Analysis
We propose the prescribed H ∞ performance analysis for the networked sliding mode dynamics in (19) based on the novel Lyapunov function technique in this section.
Theorem 1: For the given positive scalars 0 ε i < 1, γ > 0, and τ M > 0, there exist the real matrices P i > 0,
Then, the networked sliding mode dynamics in (19) is asymptotically stable with a prescribed H ∞ system performance level γ. Proof: We first show the asymptotical stability condition for the networked sliding mode dynamics in (19) with ω i (k) = 0. Consider the following Lyapunov function:
where P i > 0, Q i > 0, R i > 0, and Z i > 0 are real matrices to be designed.
Thus,
Note that
According to the Jensen inequality, we obtain
Combining with the event-triggered scheme in (18), it follows that
Moreover, by Schur Complement Lemma, (21) can guarantee Θ i < 0, which means ΔV i (k) < 0. Therefore, the siding mode dynamics in (19) with ω i (k) = 0 is asymptotically stable. Next, under zero initial condition, consider H ∞ or energy-to-energy performance of the networked sliding mode dynamics in (19) . Introduce the following index for (22) . By applying the same stability analysis method as above, it follows
Under zero initial condition, it holds for all nonzero
that is, the networked sliding mode dynamics in (19) (21) to further investigate the energy-to-energy performance of sliding mode dynamics in (19) .
Theorem 2: For given scalars 0 ε i < 1, γ > 0, and τ M > 0, there exist the real matrices 4 5 0 0 Υ i 5 5 0 0 Υ i 6 6Υ i 6 7 Υ
Then, the networked sliding mode dynamics in (19) 
whereΥ
and Lemma 1, it follows thatΘ i < 0 fromΘ i < 0. Therefore,Θ i < 0 can guarantee that the networked sliding mode dynamics in (19) is asymptotically stable with a prescribed H ∞ system performance. Thus, the proof is completed.
Based on the above result in Theorem 2, we are devoted to transform the inequality in (28) into the linear matrix inequality form, which can be solved by standard MATLAB toolbox.
Theorem 3: For given scalars 0 ε i < 1, γ > 0, and τ M > 0, there exist the real matrices 4 5 0 0 Υ i 5 5 0 0 Υ i 6 6Υ i 6 7 Υ
wherě
Then the networked sliding mode dynamics in (19) is asymptotically stable with a prescribed H ∞ system performance level γ. Moreover, the matrix variables K i in (8) are given by
Then by performing a congruence transformation to (28) with diag I 4 P i , I, I, P i , I, P i , I , the above result can be obtained. It completes the proof.
Remark 4: Notice that the obtained conditions in Theorem 3 are not all in linear matrix inequalities form due to matrix equality (31), the following discussion is given to transfer equality (31) into the standard forms. Then, the sliding mode control parameters with a H ∞ performance for multi-area power system can be determined by solving the following convex optimization problem: min trace i∈N P (i)P(i) subject to (30) and
B. SMC Law Synthesis
In this section, an SMC law is synthesized to guarantee that each subsystem trajectories can be kept in the prespecified sliding mode region within a finite time.
Theorem 4: Consider the discrete-time approximation of multi-area power system in (3) and event-triggered scheme in (7) . Suppose that the sliding mode surface function is con-structed in (4), where matrices P i , K i are solved in Theorem 3, and L i is designed as
with the following SMC law, the state trajectories of the each subsystem in (3) can be kept in the sliding region within a finite time, that is, the stability and robustness of the LFC system in each area can be guaranteed by
, the sliding mode surface function under event-triggered scheme is computed as
k l−1 is the last release time instant, and Ω is a positive definite matrix.
Proof. Consider the following Lyapunov function:
Since switching function is given above, it follows that
. Thus, considering the above equations, we have
If s i (k) > , with the controller in (32), we have
If s i (k)
, with the controller in (32), we have
It should be noted that Ω can be selected appropriately such that
provided that s i (k) is in a bounded region with an equilibrium point. Then, Δs i (k) is reasonably bounded. Thus, the state trajectories of each sub-LFC system in (3) can be maintained on the sliding surface with the SMC law in (32) . It completes the proof.
IV. EXAMPLES AND SIMULATIONS
As is shown in Fig. 1 , a three-area power system is selected to demonstrate the design procedure and the effectiveness of the proposed event-triggered SMC scheme for LFC system. The system parameters of the three-area power system used in simulations are as follows [4] . Table II shows the responses of Area 3 in different eventtriggered parameter, event-triggered times, and the percentage of data transmissions. It can be shown that the larger the eventtriggered parameter is, the longer the sampled interval holds. Correspondingly, the percentage of the data transmission becomes much smaller. Furthermore, when Φ i = 0, the eventtriggered SMC scheme becomes the common SMC scheme. Table II also indicates that the proposed event-triggered SMC scheme can reduce the number of signal transmission and thus reduce the network bandwidth usage by increasing the eventtriggered parameter. However, too large event-triggered parameter may lead the proposed condition (30) in Theorem 3 infeasible, that is, it is inappropriate to ensure the prescribed system performance criteria of the controlled system with too large event-triggered parameter.
Remark 5: Note that the obtained results of sufficient conditions are derived from the free-weighting matrix approach, which is known as the less conservative method. For a preset triggered parameter ε i , the corresponding allowable performance level γ, the controller gain K i , and the triggered matrix Φ i are designed from the derived results, which can be readily solved by using standard numerical software. This means that the chosen triggered parameters determine the performance of the controlled LFC system. Meanwhile, if the performance level γ is guaranteed with preset triggered parameter ε i , the larger ε i means that fewer numbers of packets need to be transmitted.
V. CONCLUSION
This paper solved the LFC problem in multi-area power systems based on an event-triggered SMC scheme. Applying a time-delayed system design approach, a new dynamic model of the LFC system was constructed incorporating the network delays, an event-triggered scheme and SMC approach. Specifically, a new event-triggered discrete sliding mode surface function was proposed for each subsystem in multi-area power system. Then, based on Lyapunov function theory, the asymptotical stability criteria with prescribed H ∞ performance was given for the obtained networked sliding mode dynamics. A sliding mode controller was designed to ensure that the each subsystem in the multi-area power system was stable and robust to external disturbance, including load variation and frequency fluctuation. Finally, the feasibility and effectiveness of the proposed new design techniques were illustrated by example and simulation.
Further research in this area could further improve the proposed algorithm, such as extending the present methods to LFC of power systems against delayed input cyber-attack, and handling the case where some of the LFC system state components are not available.
